A major concern regarding innovation in clean technologies in the EU is that the fragmentation of its innovation system may hinder knowledge flows and, consequently, spillovers across member countries. A low intensity of knowledge flows across EU states can negatively impact their technological base, suppressing opportunities for further innovations and slowing the movement towards the technological frontier. This paper investigates the fragmentation of the EU innovation system in the field of renewable energy sources (RES) by estimating the intensity and direction of knowledge spillovers over the years . We modify the original double exponential knowledge diffusion model proposed by Caballero and Jaffe (1993) to provide information on the degree of integration of EU countries' innovation efforts and to assess how citation patterns changed over time. We show that EU RES inventors have increasingly built "on the shoulders of the other EU giants", intensifying their citations to other member countries and decreasing those to domestic inventors. Furthermore, the EU strengthened its position as source of RES knowledge for the US. Finally, we show that this pattern is peculiar to RES, with other traditional (i.e. fossil-based) energy technologies and other radically new technologies behaving differently.
Introduction
One of the top priorities of the European Union is the creation of a resilient Energy Union with a forward-looking climate policy, capable of delivering long-term climate and energy targets and objectives (EC, 2015a) . While this transition is characterized by huge challenges, it also represents an unprecedented opportunity for member countries, which aim to achieve reduced environmental and health pressure, lower dependence on fossil fuel imports, more diversified energy supply and the creation of jobs, skills and innovation in progressive sectors with high growth potential. A strong renewable energy base in Europe can indeed have long-lasting implications for Europe's competitiveness and export potential (EEA, 2012) . This is even more the case in the present context, as clean 1 energies are expected to play a pivotal role in the implementation of the 2015 Paris Climate Change Agreement (IEA, 2015a) at the global level.
Clean energy technologies have been steadily rising towards the top of EU and member states agendas for the compelling economic and environmental reasons cited above. Indeed, the EU Lisbon strategy was centered on the promotion of green, sustainable growth and this concept is even more prominent in the Europe2020 strategy. Consequently, the EU and its member countries have devoted significant effort to the development and deployment of low-carbon technologies. Following the implementation of the Kyoto Protocol, EU countries have been particularly active in implementing stringent climate policy and tightening their environmental regulation. Among the key legislative and regulatory frameworks supporting this process were the Directives enacting the 1997 White Paper on renewable sources 2 and the EU Emission Trading System (2005) to curb carbon emissions.
Several other channels were used to develop and deploy renewable energy sources (RES) including direct financial support to low-carbon innovation endeavors (for instance, R&D investment and subsidies), 3 but also policies which indirectly provide incentives of innovation such as feed-in tariffs, quotas, green certificates (see Peters et al., 2012 and Costantini et al., 2015) .
As a result of this support for low-carbon innovation, the EU became a frontrunner in the deployment of clean technologies. Between 2005 and 2012, the EU exhibited the highest new investments in RES in the world every single year and was only surpassed by China in 2013. Over this period, the compound annual growth rate of renewable energy consumption of EU was 7%. The benefits of such strong commitment include: an increase in the innovation rate of RES technologies for EU countries; the highest rise in the share of renewable energy in gross inland energy consumption (GIEC) worldwide between 2005 and 2013; the associated decrease in carbon intensity; and a high per capita employment in the area of renewable energy in 2014 (EEA, 2016) . 4 Yet, much remains to be done to further support the energy transition, especially in the development of frontier carbon-free technologies (IEA, 2015b) . Indeed, in 2013, fossil fuels still accounted for more than 80 percent of the EU's GIEC (EEA, 2016) .
A major concern in this respect is that the fragmentation of the EU innovation system may hinder knowledge flows and, consequently, spillovers across member countries for RES technologies (European Commission, 2010; Fisher et al., 2009; LeSage et al., 2007) . A low integration of the innovation system characterizes the EU in general, but is particularly troublesome for RES insofar as these technologies are instrumental in promoting and supporting green and sustainable growth. Technological capabilities and the ability to absorb and exploit foreigngenerated knowledge are complementary to each other (Cassiman and Veugelers, 2006) . A low intensity of knowledge flows across EU states can negatively impact their technological base, suppressing opportunities for further innovations and hindering the movement towards the technological frontier. Hence, fragmentation delays (or, in the worst scenario, impedes) the achievement of the ambitious EU climate targets (EC, 2007; EC, 2015b) .
This paper investigates the fragmentation of the EU innovation system in the field of renewable energy sources by estimating the intensity and direction of knowledge spillovers over the years . Some recent studies evaluated the EU RES innovation performance, both in terms of quantity and quality, but did not address this specific issue (Corsatea, 2014; Borghesi et al., 2015; Cantner et al., 2016; Nicolli and Vona, 2016 (EEA, 2016) . 4 Of the three countries with highest per capita employment in renewable energies, two were from Europe: Germany, with 0.9% of its labour force working in jobs related to renewable energies; and France, with 0.58% of the workforce being employed in the area of renewable energy (EEA, 2016) . Shestalova, 2016) . Understanding how technology flows among EU countries and between the EU and other top innovators is a question of paramount importance because it can (i) shed light on the relative performance of EU countries vis-à-vis other top innovators in this field; (ii) provide a first look into the future potential of this strategic sector for EU member countries and (iii) help to assess the effectiveness of past actions and policy support to promote RES development.
Our analysis is based on patent applications at the European Patent Office (EPO) and begins with the observation that EU15 countries experienced a significant increase in innovation in RES technologies since the turn of the century, with renewable energy patents jumping from 125 in 1985 to 2059 in 2010. Such increase was much more pronounced than that of the US and Japan, the other two frontier innovators (see Figure 1 ). We therefore ask several key related questions: was this increase in the quantity of EU renewable energy innovation accompanied by a tightening of the EU RES innovation system? Is the EU better positioned to exploit knowledge spillovers now than it was two decades ago? Or is fragmentation still a key aspect that hinders the development of RES in the EU?
We tackle these questions by analysing the intensity and direction of intangible knowledge flows. Our focus is on the three main innovating regions of the world: the US, Japan and the EU15, which together account for roughly 87 percent of innovation in this field in our sample. 5 In line with a rich literature on similar subjects, we follow the paper trail left by within-country and cross-country patent citations, using citation frequencies to explore the patterns of knowledge flows within the EU and between the EU and other top innovators. We modify the original double exponential knowledge diffusion model of Caballero and Jaffe (1993) and Jaffe and Trajtenberg (1999) to provide information on the degree of integration of EU countries' innovation efforts and to assess how citation patterns changed over time.
We show that indeed EU RES inventors have increasingly built "on the shoulders of the other EU giants", intensifying their citations to other member countries and decreasing those to domestic inventors. As argued above, this is an important challenge for the sustainable development and climate targets of European countries (EC, 2007; Ruester et al., 2014; EC, 2015b) . Furthermore, we find that the EU strengthened its position as source of RES knowledge for the US. We then compare RES with other relevant technologies in order to gain evidence on whether the observed patterns are peculiar to RES technologies or do apply to other related technology fields. We start by considering fossil-based energy technologies. Most of the literature on RES innovation does not explore whether patterns emerging for RES also apply to fossil-based energy generation technologies (see e.g. Johnstone et al., 2010; Nesta et al. 2014; Nicolli and Vona, 2016) . Only a few contributions study both RES and other types of energy generation (Dechezleprêtre et al. 2013 , Dechezleprêtre et al. 2014 Bosetti and Verdolini, 2013; Verdolini et al. 2016 ), but they address research questions different from the one we focus on. 6 In addition, as in Dechezleprêtre et al. (2014) , we also compare RES with a set of emerging technologies (3D, IT, Biotechnologies and Robot technologies) to assess if our results are specific to RES or common to booming technologies at an early stage of development. Our comparison shows that the pattern of knowledge flows and its evolution in time is peculiar to RES, with traditional (i.e. fossil-based) energy technologies and other new technologies behaving in a completely different way.
We thus claim that the EU has improved the quality of its RES innovation and reduced the fragmentation of the innovation space in this specific field over the sample period. As we discuss in the concluding section of the paper, 5 EU15 RES patents represent 99 percent of EU27 RES patents over our sample period. 6 Dechezleprêtre et al. (2013) study the determinants of innovation in renewable and fossil-based energy generation technologies. Dechezleprêtre et al. (2014) compare the relative intensity of knowledge spillovers from clean and dirty technologies, to explore whether clean technologies warrant higher public subsidies than dirty ones. Bosetti and Verdolini (2013) use patent data to investigate the role of IPR protection and environmental policies on clean and dirty technology diffusion. Verdolini et al. (2016) focus on the diffusion of clean and dirty power generation using data on installed capacity. a likely explanation, which deserves further study, lies in the strong support of the EU to climate mitigation and renewable energy technology development vis-à-vis the laxer effort put forward by the US and Japan in this respect.
The rest of the paper is organized as follows. Section 2 presents our proxy for knowledge spillovers and provides a brief literature review on the topic. Section 3 describes our sample and provides descriptive evidence of the recent surge in renewable energy innovation in the EU and of changes in the patterns of knowledge flows. Section 4 describes in detail the empirical model we use to corroborate such evidence. Section 5 presents main results and Section 6 focuses on robustness checks. Finally, Section 7 concludes with a discussion of the possible reasons for such a change, as well as policy implications.
Measuring knowledge flows
Knowledge flows may occur through different channels. They may be embodied into goods or people, or rather they can be disembodied. Indeed, most of the literature on knowledge flows has focused on the latter. 7 Our analysis also focuses on disembodied knowledge transfer and we use patent citations as indicators of knowledge flows in RES technologies. This approach has a long tradition in the literature and itself relies on the use of patent data to assess the innovative effort of firms, sectors and countries. Patents are indeed the only available indirect evidence of innovative activity offering a detailed breakdown by technology for a large number of countries and for long time series. Furthermore, patent documents include references to previous patents (citations), providing information on the sources of knowledge that were relevant for the conception of the new invention. Although citations are widely employed in the literature, it should be mentioned that there are alternative indicators of disembodied knowledge flows. For instance, knowledge transfer can be traced also by considering the size and structure of co-inventor networks (e.g. Cantner et al., 2016) or university-industry research collaborations (e.g. Balconi et al., 2004) .
Relying on patent and citation data to proxy for innovation and knowledge flows, respectively, has some shortcomings, but also significant advantages. 8 In particular, Jaffe et al. (1993) argue that patent citations can be interpreted as "bits" of previous knowledge that were important for developing the new knowledge contained in the citing patent. Although citations can at best capture flows of codifiable (vs. tacit) knowledge, they still provide insights on how knowledge may diffuse within and across geographical regions and technological fields (see e.g. Mancusi, 2008) , and how the resulting patterns may change over time. This has been confirmed using data from the US Patent Office (USPTO) in Jaffe et al. (1998) , but also (and importantly for our analysis) using data from the European Patent Office (EPO) in Duguet and MacGarvie (2005) and Bacchiocchi and Montobbio (2010) .
An important part of the now large stream of literature relying on patent citations as indicators of knowledge flows builds upon the double exponential knowledge diffusion model proposed by Caballero and Jaffe (1993) and further developed by Trajtenberg (1996 and 1999) . This model allows addressing truncation bias, a key feature of patent citations, which originates from the lower likelihood of citation of recent cohorts of patents with respect to older ones. We postpone the discussion of the features of the econometric model to Section 4 and instead focus here on the most important findings of empirical studies that have employed citations to study the technological, geographical and institutional dimensions of the spread of newly created knowledge.
Early econometric studies on patent citations as indicators of knowledge flows were largely motivated by the growth and convergence effects of the rate and distance at which knowledge diffuses outwards from the geographical location in which it is created. As such, most of these studies focused on the role of geographical distance and contrasted local (national) with international knowledge diffusion, analyzing those factors contributing or hindering knowledge flows across geographical boundaries. The key findings in these studies can be summarized as follows: (i) the intensity of knowledge flows declines with geographical distance (Bottazzi and Peri 2003; Peri, 2005) ; (ii) national borders, language and institutional distance all represent an obstacle to knowledge diffusion (Maurseth and Verspagen, 2002) ; (iii) by contrast, technological proximity facilitates crosscountry knowledge flows (Jaffe and Trajtenberg, 1999; Hu and Jaffe, 2003; Hu, 2009) .
Most of the studies cited above have used citations to estimate international knowledge flows between pairs of countries. However, the interest has gradually shifted from the intensity to the direction of cross-country knowledge diffusion. For example, Hu and Jaffe (2003) examine North-South patterns of knowledge diffusion from the U.S. and Japan, on the one side, to Korea and Taiwan, on the other side. 9 Even more interesting for us, Hu (2009) estimates the citation intensity between East Asian countries, Japan and the US. His findings of a tight net of cross-country flows within East Asia are interpreted as a measure of integration of the innovation systems within that area and thus support the hypothesis of an increasing regionalization of knowledge diffusion within East Asia. We follow this approach and look for evidence on the degree of integration of national knowledge bases across the EU, while still accounting for knowledge flows between the EU and other technological leaders (Japan and the US). Indeed, there is strong evidence that knowledge flows and, consequently, spillovers across member countries are hindered by the fragmentation of the EU innovation system (Fisher et al., 2009 , LeSage et al., 2007 , which has often been associated with the lack of a strong innovation policy at the EU supranational level. This is important because technological capabilities and the ability to absorb and exploit foreign-generated knowledge are complementary to each other, hence an increase in the intensity of knowledge flows across EU states can broaden and deepen their technological base, leading to opportunities for further innovations and possibly to a movement towards the technological frontier.
The idea above has been at the heart of the EU Lisbon strategy to promote growth and, in particular, green, sustainable growth, which has become an even more prominent objective under the more recent Europe2020 strategy. It is then interesting to see if there has indeed been an improvement in the degree of interconnectedness of the EU innovation system in the set of technologies aimed at reducing the carbon intensity of energy.
There are a few studies using citations for the analysis of knowledge flows in environmentally friendly technologies. Among these, Verdolini and Galeotti (2011) confirm that higher geographical and technological distances are associated with a lower probability of knowledge flows and provide evidence that spillovers between countries have a significant positive impact on further innovation in this field. Popp (2006) extends the original double exponential model to test the existence of knowledge spillovers for NO X and SO 2 technologies among US, Japan and Germany and identify possible changes over time in both the intensity and direction of citation patterns. However, none of these studies deals with the fragmentation of the EU renewable energy innovation system and its changes over time.
To fill this gap in the literature, we estimate the probability of citation within and between EU15 countries, US and Japan in the clean energy sector as a measure of the intensity of knowledge flows across countries. Similarly to Hu (2009) , we design the model so that we can interpret the results for the EU as providing information on the degree of integration of EU countries' innovation efforts. Also, following Popp (2006) , we modify the original double exponential model to assess how citation patterns changed over time. This provides insights for what concerns changes in the intensity and direction of knowledge flows in frontier countries, and consequently informs on their innovation performance.
Data and descriptive evidence
For the purpose of our analysis, we collect data on patent applications by top inventors in RES technologies, which include hydro, solar, wind, biomass, geothermal, ocean, and waste. These are defined based on an extensive literature using IPC codes listed in Appendix A1. We consider applications to the European Patent Office (EPO) by inventors residing in the EU15, US and Japan from the PATSTAT-CRIOS database over the years 1985 to 2010.
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To track citation patterns, we attach to each patent all the citations made to previous EPO patents (the so-called backward citations) in renewable energy technologies and assigned to inventors living in one of the three geographical areas under investigation. 11 As customary in this type of studies, self-citations (i.e. citations to previous patents held by the same applicant firm) are excluded from the dataset in order to capture only true knowledge flows 12 and each patent is assigned to a year depending on its priority date, i.e. the date closest to the innovation.
Overall, our dataset on EPO patents applications consists of 23,162 RES patents and 43,090 citations to RES patents (Table 1) . Over the whole sample period, EU15 accounted for 62 percent of applications, with the US and Japan accounting for roughly 20 and 18 percent, respectively. US inventors seem to be those relying more on previous knowledge: average backward citation per patent is 2.56, which is roughly 50 percent (65 percent) more than EU15 (Japanese) patents. Moreover, US patents emerge as those more cited on average.
The particularly high number of EU15 patents relative to US and Japanese patents in our sample is due to two main reasons. First, since we are using EPO patent data, our statistics partly hide the significant home bias effect of European countries at the EPO. 13 This problem, which has to be kept in mind when looking at the descriptive statistics shown in this section, will be fully addressed and controlled for in our empirical estimation. Second, around 50 percent of EU15 innovation in RES over the whole sample period is accounted for by Germany, which has historically been a top innovator.
10 CRIOS is a research center at Bocconi University where a large database on European patents has been created and is constantly maintained. This database, known as PATSTAT-CRIOS, contains information on patents applied for at the European Patent Office (EPO), from 1977 to 2012. Within this data base one may find: 1) patent data, such as the patent's publication number, its priority/application date, and main/secondary technological class, i.e. the IPC (International Patent Classification) code; 2) applicant (most often a firm or an institution) name and address, 3) inventor name and address, and, for each patent document, 4) all citations made to all prior EPO patents cited by the document itself. 11 A small fraction of patents in our sample (about 8%) are assigned to inventors from more than one country. Since we are interested in citation frequencies as a measure of the link between country pairs, we retain such patents in our sample to account for every possible connection between countries. However, as a robustness exercise, we also estimate the model excluding patents with inventors from multiple countries (see Section 6). 12 As discussed by Jaffe et al. (1993) , self-citations cannot be regarded as evidence of spillovers. 13 A similar pattern also emerges in Johnstone et al. (2010) where Germany, followed by US and Japan, exhibits the highest number of patents and a surge in patenting activity after 1997 (see Figure 2 , p. 141). This is admittedly due to some extent to the presence of home bias when using EPO applications. The same effect is highlighted in OECD (2012) pp.23-24. Within EPO, RES innovation by the US, Japan and EU15 has been increasing over time, but such rise was particularly pronounced for the EU15 in the first decade of the century (Figure 1 ). That is a few years after the adoption of the Kyoto Protocol 14 and the release of the European Commission 1997 White Paper on renewable sources, and a period in which EU commitment to RES development became even stronger. In 2001 the EU RES commitment put forward in the White Paper was further strengthened with the EU Directive 2001/77/EC, which, by stimulating demand, called for significant investment in electricity production from renewable energy sources. The Directive specifically pointed to the RES potential to increase energy security, promote technological development and innovation and provide opportunities for employment and regional development (see also Section 7). 15 Indeed, EU15 patent applications in the sample went from around 53% in 1985 to around 67% in 2010. In absolute terms, EU15 innovation at the end of our sample period is roughly four times that of the US and that of Japan. As explained in Section 2, there is strong evidence that innovative activity in any given country benefits from spillovers from past domestic innovation and from other inventor countries. Given the innovation patterns 14 The Kyoto Protocol was adopted in 1997 and entered into force on the 16 February 2005. 15 The Directive sets national targets for renewable energy production from individual member states. Although a directive implies that the EU does not strictly enforce the targets, the European Commission monitored the progress of the member states and could, if necessary, propose mandatory targets for those who missed their goals. Figure 1 , it is thus legitimate to ask whether indeed the higher RES innovation rates in the EU have been accompanied by a change in the rate and direction of knowledge flows. So a crucial question that arises is whether the increase in EU RES innovation effort was occurring together with a strengthening of the EU as a source of knowledge both for domestic and foreign innovators.
To assess this, we explore patterns of citations across regions in our sample, which informs on whether innovation in the EU is of higher quality, and not only of larger quantity, than that of other innovating countries. Note that when focusing on the EU15, we look at aggregate citation flows, but also consider separately national citations (citing and cited patent belonging to the same country) and international citations (citing and cited patent belonging to distinct EU15 countries). This allows us to shed light on whether EU countries source knowledge from themselves or from other EU members. Arguably, these two patterns of knowledge flows have very different implications for the fragmentation of the EU innovation system. Table 2 Three distinct patterns emerge. First, over the two periods the percentage of citations between different EU15 countries increased considerably. Second, the percentage of US national citations decreased, while the percentage of citations from the US to EU15 countries increased. Third, Japan seems to rely more on its own knowledge during the second period, but the share of citations to EU15 patents did not decrease significantly.
All in all, the descriptive evidence presented in this section points to an improvement in the innovative performance of the EU15 in RES since the turn of the century, particularly with respect to the US. Such improvement at the EU level may be indicative of a reduction in the fragmentation of the EU RES innovation system, as testified by a more prominent role of EU countries as source of knowledge for other EU member states.
Though informative, conclusions drawn from raw citation shares can be misleading because the shares suffer from theoretical and actual biases. First, the shares are determined by both the citation frequency (i.e. the probability of a patent from the citing country citing a patent from the cited country) and the overall level of patenting. Second, citations are always subject to truncation bias. Third, the number of patents granted have been rising significantly in the last decades (see Figure 1) , and so have the number of citations per patent. As Brahmbahatt and Hu (2009) conclude, raw citation shares inform on the gross flow of knowledge between two countries, but say little about the intensity of knowledge relationships. Thus, citation frequencies need to be properly modeled taking into account these effects in order to use them to draw inference on knowledge flows.
In the next section we detail our empirical strategy, which is designed to specifically address these issues and control for these confounding factors.
Empirical Framework
As discussed in the previous sections, our aim is to assess if, since the turn of the century, there has been higher interconnectedness in the RES EU innovation system and an overall better positioning of the EU with respect to the technological frontier. We do that by studying changes in the intensity of RES knowledge flows across the countries of interest through a double exponential knowledge diffusion model, proposed by Caballero and Jaffe (1993) and Jaffe and Trajtenberg (1999) .
The model describes the random process underlying the generation of citations and allows estimating parameters of the diffusion process while controlling for variations over time in the propensity to cite. More precisely, the knowledge diffusion process is modelled as a combination of two exponential processes, one for the diffusion of knowledge and the other one for its obsolescence. The general formulation of the model is:
where is the citation frequency, i.e. the likelihood that a patent from country i first applied in year T cites a patent from country j first applied in year t. The parameters 1 and 2 represent the rate of obsolescence and diffusion, respectively, and both exponential processes depend on the citation lag ( − ). In this framework, the represents shift parameters that depend on the attributes of both citing and cited patents: a higher means a higher probability of citation at all lags. We allow this proportionality factor to vary with the following attributes: citing year, cited year and all possible combinations of citing and cited country.
The dependent variable is the expected frequency of citations and is calculated as the following ratio:
where is the count of citations by country 's patents with priority date to country 's patents with priority date , and ( ) and ( ) are respectively the number of potentially citing patents from i at time T and potentially cited patents from j at time t.
17 Citation frequencies are interpreted as an estimate of the probability that a randomly drawn patent in the citing group will cite a randomly drawn patent in the cited group.
We focus on citations within and between the EU15, the US and Japan and modify the above general model to take into account changes in citation patterns over the sample period by allowing our shift parameters to change starting from 2000. We choose 2000 as the first year of the second period in view of the acceleration in EU renewable energy patenting at the turn of the century found in Section 3. As already noted such acceleration took place a few years after 1997, the year in which the Kyoto Protocol was adopted and the Commission White Paper "Energy for the Future: Renewable Sources of Energy" was released, indicating an increased commitment of the EU to decarbonize its energy sector. 18 We thus estimate the following equation:
where 2000 is a dummy variable that takes the value of 1 when the citing patent's priority date is 2000 or later. This approach follows the one proposed in Popp (2006) .
Our parameters of interest are and . The fixed effect indicates the relative likelihood that the average patent from country cites a patent from country j, while captures the additional likelihood of citation between a pair of countries for citing patents with priority date since 2000. If country i is taking advantage of technologies developed in country j by improving upon these innovations we should observe higher citation rates from i to j and interpret it as greater flow of knowledge from country j to country i in the second period. Positive estimates of can thus be interpreted as a signal of quality of the innovations developed in the source country and therefore as a relative improvement of country j with respect to the technological frontier.
A key novelty of our approach is to use the model of Popp (2006) to study if integration in the EU15 RES innovation system increased. Indeed, we can distinguish citations where EU15 is both the source and the destination into national citations (i.e. the source and the destination within the EU15 are the same country) vs. international citations (i.e. the source and the destination within the EU15 are two different countries As customary in this type of models, the citing year fixed effects ( ) and the cited year fixed effects ( ) are grouped into 2-year and 5-year intervals, respectively (see Jaffe and Trajtenberg, 1999; Popp, 2006; Bacchiocchi and Montobbio, 2010) . We estimate equation (2) by non-linear least squares. Since the model is heteroskedastic (the dependent variable is an empirical frequency), we weight each observation by the reciprocal of the estimated variance √ ( )( ) (Jaffe and Trajtenberg, 1999; Popp, 2006; Bacchiocchi and Montobbio, 2010) .
In this type of models, the null hypothesis of no fixed effect at the country level corresponds to parameter values of unity rather than zero for as well as for and (but not for 1 , 2 and ). For each fixed effect, a group is omitted from estimation, i.e. its multiplicative parameter is constrained to unity. Thus the parameter values are interpreted as relative to the base group. The base group for country pairs fixed effects ( ) is " "; 19 if, for example, 15, = 0.8, this means that a patent belonging to EU15 group is 20% less likely to cite a US patent than a US patent. Table 3 presents results for the estimation of Equation (2) In all specifications, estimates for 1 are in line with previous works, while those for 2 are larger than those obtained in previous studies using USPTO data, but consistent with the results of Pillu and Koleda (2011) , who use EPO data. Henceforth we focus our attention on and . Recall from the previous section that each is interpreted as the relative probability of citation between country i and country j, as compared to the probability that a US inventor cites a US inventor ( , = 1), while indicates if the probability of citation between any couple of countries has changed starting from 2000.
Results
Columns (1) and (2) of Table 3 present estimates of the likelihood of citation between any couple of countries over the full sample period (i.e. assuming = 0). Column (1) ) citations within the EU. Comparing these coefficients provides insights on the geographical localization of EU RES innovation over the whole period and thus allows to characterize the degree of fragmentation of the EU15 RES innovation space.
Four main results emerge from these two regressions. First, knowledge flows within the EU15 are weaker than in the US and Japan, and knowledge flows within a EU15 member country are higher than between members. Specifically, inventors from any of the EU15 countries are 38 percent as likely to cite another inventor from a EU15 country as compared to a US inventor citing another domestic patent ( 15, 15 = 0.38 in column 1). The corresponding likelihood for domestic citations of a Japanese inventor is 81 percent ( , = 0.81). Further, focusing on the results reported in column 2, any EU15 member is almost twice as likely to cite itself as opposed to citing any other EU member or the US. Indeed, = 0.28. EU15 inventors are basically as likely to benefit from spillovers from the US as they are to benefit from spillovers from other EU countries. Thus, EU15 members are each building upon their own knowledge, but not as much as the US or Japan are doing.
Second, the likelihood of a EU15 patent to be a source of knowledge for a foreign inventor is lower than that of a US or Japanese patent. This suggests that EU has to further strengthen its position as international innovation hub if it wants to become a leader in low-carbon technologies.
Third, the US relies more on domestic spillovers as compared to the other countries in the sample, but also builds more on the shoulders of the foreign giants. In particular, the US seems to benefit relatively more from knowledge produced in Japan than in the EU. The likelihood of a US patent citing a Japanese one is 47 percent, while that of citing a EU patent is 31 percent.
Fourth, the Japanese RES innovation space emerges as extremely self-referenced. The likelihood of a Japanese patent citing previous domestic innovation is almost as high as that of the US. In addition, we find a very low likelihood of Japanese patents citing previous patents by either US or EU15 inventors.
Overall, this preliminary evidence shows that the RES innovation system is geographically localized and rather fragmented, especially for what regards the EU15. The high values of the bilateral coefficients when i=j=US or i=j=JP are in line with previous findings (see e.g. Jaffe and Trajtenberg, 1999; Bacchiocchi and Montobbio, 2010) . This, combined with the low probability that Japanese inventors cite knowledge from other countries, indicates a pattern of geographical localization of knowledge. )). In growth terms, the percentage decrease in the probability of domestic citation was more than compensated by the increase in the probability of citation to other EU15 countries ( Second, spillovers to EU15 from the US and Japan further decreased since 2000. Specifically, the probability of a EU15 inventor citing a US patent dropped from 31 percent to less than 27 percent, and the probability of citing a Japanese patent from 21 percent to a mere 16 percent.
Third, the likelihood that EU15 inventors are a source of knowledge for US inventors went from 26 percent before 2000 to 33 percent since 2000. This represents a 25 percent increase since the turn of the century.
The patterns of RES knowledge flows and localization discussed so far give rise to three important insights. First, the EU RES innovation space is becoming more integrated, with international citations between EU countries becoming more important, and national citations less relevant. Second, the EU has increased its role as source of knowledge for the US. Third, notwithstanding the progress, the RES innovation base at the EU level is still considerably more fragmented with respect to the US and Japanese systems.
Notwithstanding the interesting evidence presented so far, we still cannot draw strong conclusions regarding an increase in the integration and quality of RES innovation within the EU. In order to do so, we need to test the robustness of our results to alternative explanations. First, the patterns we describe could be driven solely by Germany, which, as explained in Section 3, accounts for 50 percent of the RES innovation in the EU15. Any aggregate trends such as the ones discussed so far could indeed be the result of Germany being a technological leader and thus a relevant source and an intensive user of foreign knowledge. Second, these trends in the fragmentation of the EU innovation space may not be specific to RES, but can rather be common to other energy or radically new technologies. If so, this would weaken the case for increasing integration being the likely result of intense and consistent policy efforts in the EU over the recent past. We address these questions in turn in the next section.
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21 As a final robustness check, we also tested the sensitivity of our results to the choice of the cut-off point. We show that all our key findings still hold when the end of the first period changes from 1999 to 1997, i.e. the year of the Kyoto Protocol and the Commission White Paper on renewable sources. Furthermore, our results hold when considering the EU27 countries as opposed to EU15 countries. All these regressions are available upon request.
Robustness

The role of Germany
As a first robustness exercise, we estimate our main model with α parameters for Germany separate from the rest of the EU14. This set up allows focusing on any difference between national and international citations within the EU15 while isolating any specific "Germany effect". Results are presented in Table 4 . Columns 1 through 5 are as in Table 3 , and again we focus on discussing the results of column 5. We find that, before 2000, an inventor from any EU14 country was about 2.5 times more likely to cite a national patent compared to US inventors. The corresponding likelihood of domestic citation for Germany is 44 percent. This stark difference between Germany and other EU14 countries is an indication that inventors in most national RES innovation systems in Europe predominantly build on local knowledge. Since EU14 countries were less innovative than the US, Germany or Japan over this period, the high coefficient associated with national citations for EU14 countries indicates that overall Europe was far away from the technological frontier. Furthermore, in the first part of the sample period, EU14 countries sourced relatively little from abroad, especially from other EU14 countries. Indeed, the probability that any EU14 inventor cites an innovation from another EU14 country or from Germany is lower than that of citing a US inventor (27 and 22 percent as opposed to 46 percent). This, taken together with the high coefficient for national citations within the EU14 noted above, is a strong indication that the EU14 innovation system was highly fragmented.
Since 2000, EU14 countries display trends similar to those highlighted in the EU15 aggregate regressions. On the one hand, they show a significant reduction in the probability of domestic citation as well as citation to US inventions, the latter being larger than the former. On the other hand, the probability of cross-country/within EU14 citation increases, as does the probability that a German inventor cites a EU14 patents, and the magnitude of these effects are comparable. Furthermore, note that the US appears to be more likely to cite both EU14 countries and Germany, but the increase is more robust and larger for the former than for the latter (the latter being statistically significant only in column 4).
Knowledge spillovers in highly efficient fossil-based technologies
We now move to testing whether the results presented for RES are peculiar to this strategic technological field or are common to other non-RES energy technologies. Specifically, we consider the highly efficient fossil energy technologies studied in Lanzi et al. (2011) . Fossil-based technologies allow producing energy by burning oil, coal or gas in stationary plants. 22 These technologies represent the back-bone of the world energy system: the share of fossil fuel in the global energy mix amounted to 81% in 2013 (IEA, 2015a). The use of fossil fuels as main sources of energy is indeed the main reason behind rising carbon emissions worldwide. In an effort to reduce both energy dependency from fossil-exporting countries (and in particular gas and oil exporters) and anthropogenic emissions, countries have promoted two complementary strategies. On the one hand, governments promoted the development and deployment of RES, as previously mentioned. On the other hand, they strove to increase the efficiency of fossil-based technologies, which also results in lower carbon intensity.
While RES represent a long-term and carbon-free strategy but entail drastic changes in the way in which energy is currently produced, highly efficient fossil technologies are a cheap medium-term option to address climate and energy security concerns. They significantly reduce emissions per unit of energy in the short-to-medium term and, contrary to the case of RES, they do not imply a significant shift in the energy system. 23 Given their short-tomedium-term potential, many countries provided significant support to the development of energy efficient fossil technologies. This, for instance, was true for the US, partly due to the strength of the fossil fuels lobby. This has also been the strategy of Japan since 1973, leading this country to have the lowest rate of energy use per unit of produced GDP as compared with other industrialized nations of the world (Takase and Suzuki, 2011) .
Hence, in our specific case these technologies represent an interesting comparison to highlight if the developments we described in the previous section are peculiar to RES or more general. As in Lanzi et al. (2011) , the efficient fossil technologies we consider here include all the technologies which have significantly improved the efficiency of fossil fuel burning for energy production, namely Integrated Gasification Combined Cycle, Improved Burners, Combined Heat and Power, and such. For a thorough description of these technologies, please refer to Lanzi et al. (2011) . The list of IPC codes used to select patents for fossil-based technologies is provided in Appendix A2. Results of the estimation of all models for efficient fossil technologies are presented in Table 5 .
Similarly to what we found in RES, also in fossil energy technologies knowledge flows within the EU appear weaker than knowledge flows within the US and Japan (columns 1 and 2). This result is even more pronounced here than in RES with respect to Japan, which displays a probability of citing domestic fossil patents that is at least 50 percent above the same probability in the US, indicating that Japan relies even more on domestic knowledge than in the case of RES. 24 By contrast, international spillovers to the EU are higher than in the case of RES, and comparable to those of other top inventors for fossil-based technologies. Specifically, overall EU15 countries are as likely to cite a US patent as a Japanese inventor, and roughly as likely to cite a Japanese patent as a US inventor. is both negative and not significant in all specifications). Furthermore, since 2000 the likelihood that a US or a Japanese inventor cites a EU15 patent decreased by 21 and 24 percent, respectively. All these results show striking differences with respect to RES and point, if anything, to a weakening of the EU positioning with respect to the technological frontier in fossil energy technologies while showing no sign of higher interconnectedness between the national knowledge bases of member states.
Knowledge spillovers in radically new technologies.
We now compare knowledge flows in RES technologies to the patterns in other radically new fields. Similarly to Dechezleprêtre et al. (2014) we identify the following radically new and emerging technologies: 3D, IT, biotechnologies and robots. 25 Our aim is to assess whether the results emerging from the analysis of RES also characterize other technologies at an early stage of development and with high economic potential. Some descriptive statistics for these radically new technologies are presented in Appendix B2 in order to provide a comparison with our RES technologies along two different lines: (i) innovation levels, growth and localization; (ii) raw citation levels and their changes since 2000.
These radically new technologies are quite heterogeneous in terms of innovation levels and geographical distribution of innovation across the three geographical areas relevant for our analysis. The number of EPO applications ranges from 2,889 patents in 3D technologies to 184,345 in IT over the sample period (Table B2 .1 in Appendix B2). The EU15 accounts for the majority of patents in each technology, but this, as discussed above, is the result of a home-bias associated with the use of EPO patents. In all cases, however, the share of EU15 patents in our sample is well below that in RES. Interestingly, all these radically new technologies show growth patterns comparable to that of RES, before 2000 ( Figure B2 .1 in Appendix B2), but since 2000, robot and 3D technologies show an increasing trend, just like RES, while biotechnology and IT patents level off. In terms of citation levels and patterns of knowledge flows, citations per patent in the three geographical areas under consideration are very similar for 3D and robot technologies, but drastically different for biotechnologies (Table B2 .1 in Appendix B2). Further, focusing on raw citation frequencies (Table B2 .2 in Appendix B2), similarly to RES, 3D technologies show an increase in the citations between EU countries and a decrease in national citations; robot technologies and IT patents show an increase in both national and international citations; biotechnologies show an increase in national citations and a decrease in international ones. In all radically new technologies, the fraction of US citations directed to EU patents increases since 2000, particularly so in robot technologies.
The descriptive evidence presented above shows that RES shares some features with other radically new technologies, but that the overall picture is quite articulated and no common overall pattern emerges. We now turn to estimate Equation (2) for each of these new technologies, considering both the specification with country-pair coefficients for the entire period and the specification with the coefficients for the country-pairs in which EU15 is either citing or cited. The results are presented in Table 6 .
As expected, we find evidence of heterogeneity across these technologies in the intensity of citation over the entire estimation period, but some important common features emerge. In particular, the highest coefficients are those for domestic citations, confirming the strong localization effect widely documented in the literature (Jaffe and Trajtenberg, 1999) . However, when considering changes in citation patterns since 2000, none of these technologies replicates the results obtained with RES technologies: despite the previous descriptive evidence, no significant change emerges in the probability of US inventors to cite EU inventors, and the probability of EU inventors citing patents from other EU countries remains unchanged (3D and Robot technologies) or even decreases (IT and Biotechnologies). These results confirm that the patterns we presented for RES technologies are peculiar to that technological field and do not share features common to emerging technologies with substantial growth prospects. Interestingly, our results complement those of Dechezleprêtre et al. (2014) , which studied the magnitude of outgoing knowledge spillovers for RES vs fossil-based technologies. They find that renewables, although resulting in larger knowledge spillovers than fossil-based technologies, are comparable to other new technologies such as those listed above, however their analysis does not describe any geographical pattern.
To sum up, our findings for RES on the strengthening of the indirect links between EU inventors and on the EU position as innovation hub are not shared among other radically new technologies at an early stage of development.
Knowledge spillovers or increase in "multi-country" patenting?
As already mentioned in Section 3, roughly 8% of RES patents in our sample are "multiple-country" patents as a consequence of having inventors from different countries, and these patents were included in our main analysis presented in Section 5. Consequently, one question arising from the previous section is whether the observed patterns suggesting a tightening of the web of knowledge flows across EU countries simply reflect an increasing number of direct cross-border collaborations in inventive activities in our sample. Indeed, this could be the case because each inventor innovates by building on previous knowledge, which is largely domestic (see Section 2). An increase in "multiple-country" patents over time could then naturally give rise to more cross-country citations, as the cooperating inventors cite each other's previous knowledge. To explore if this could indeed be the case, we first focus on two pieces of descriptive evidence (Table B3 .1 in Appendix B3). First, note that the number of patents with inventors from different EU countries increase from 4 to 8 percent of EU patents in our sample. This indeed raises doubts on whether the strengthening of knowledge flows between EU15 countries since 2000 may be due to "multiple-country" patenting. Second, note that the share of patents invented jointly by one or more US residents and one or more EU15 residents decreased from 20 percent of the total US patents before 2000 to 17 percent since 2000. This seems to suggest that the higher intensity of citation from US patents to EU15 patents cannot be explained by changes in "multiple-country" patents of the two regions. If anything, this last piece of evidence seems to indicate that the US sources more knowledge from the EU15 notwithstanding a corresponding decrease in cross-country patenting in our sample.
To rule out the fact that the increase in citation intensity between EU15 members are due to the rise of direct interactions between researchers, rather than to intensified disembodied flows of knowledge, we drop all patents with "multiple-country" inventors and re-estimate Equation (2) for RES technologies on the sample of patents with "single-country" inventors. Results are presented in Table 7 and show that our main findings are strongly robust to this exercise.
Discussion and Conclusions
Clean energy production is among the top priorities of the EU, and significant public funding has been spent to support renewable energy development and deployment through direct or indirect support of R&D activities in this field. This paper uses patent citation patterns to shed some light on the degree of integration of the EU15 innovation system in the strategic field of renewable technologies and, more generally, on the degree of knowledge spillovers between top innovators (the US, Japan and the EU15). We provide two key insights.
First, the results emerging from our analysis point to some key weaknesses of the EU15 RES innovation system, which we show to be geographically localized and highly fragmented. Indeed, EU15 inventors rely more on domestic innovation than on spillovers from other EU15 countries. Yet, they are able to build on their domestic knowledge far less than the US or Japan. Moreover, knowledge spillovers from EU15 countries are lower as compared to knowledge spillovers from other top inventors.
Second, we show that since 2000 the EU RES innovation space has become more integrated, with citations between EU15 countries growing in importance, while national citations turning to be less relevant. The EU15 has also increased its role as source of knowledge for the US while being less likely to source knowledge from this top inventor.
Quite importantly, our robustness checks demonstrate that these results are not driven by Germany, but rather by other EU15 countries. Indeed, we find that the fragmentation of EU15 RES innovation system is even more pronounced when considering Germany as a separate country, as the remaining EU14 countries rely predominantly on domestic knowledge. This, combined with the lower patenting rates of EU14 countries as compared to other inventors in our sample, is an indication that overall the quality of EU14 RES innovation is significantly below that of the top RES innovators. However, it is worth noting that EU14 countries are the ones experiencing the most pronounced change in knowledge spillovers patterns since 2000. Indeed, in the second part of our sample period, higher citations to EU14 countries indicate that they became more important as a source of knowledge for themselves as well as for the US, while relying less on knowledge spillovers from the US.
Taken all together, our results show that, since 2000, the patterns of knowledge flows in RES technologies have changed, integration within the EU15 RES innovation system has increased and EU14 countries have moved closer to the innovation frontier. These developments are peculiar to the strategic field of RES and do not apply to other technologies which are either from the energy field (efficient fossil-based technologies) or are also radically new (3D, robot technologies, IT and biotechnologies). Indeed, the patterns of knowledge flows in these different technologies, while still confirming the overall high level of fragmentation in the EU innovation system, do not suggest that this fragmentation is diminishing over time.
While our empirical analysis cannot provide strong causal evidence explaining why RES are experiencing a strengthening of EU knowledge flows and an improvement of the EU15 position with respect to the technological frontier, a likely explanation for these developments can be found in the significant effort that the EU has put towards the development of a sustainable energy system. Over the past decade, Europe has strongly committed to reducing greenhouse gas emissions, and to doing so by promoting the development and deployment of RES. Indeed, the EU has been keen to foster the strategic sector of low-carbon technologies as a means to achieve its sustainable growth goals.
In this respect, the EU15, the US and Japan differ significantly in their approach to climate mitigation and in their focus on sustainable development. On the one hand, the US took a very mild stand towards curbing CO2 emissions, relying mostly on soft measures (such as R&D investments and voluntary programs) and focusing in particular on improving the energy efficiency of fossil-based technologies (Carlarne, 2010; Brewer, 2014) . Japan displayed a similar pattern, with the scaling up of energy efficiency becoming one of its top policy priorities (Takase and Suzuki, 2011; Moe, 2012) . On the other hand, the EU has strongly committed to climate mitigation and decarbonization, as well as to strengthening the EU innovation capabilities and reducing the fragmentation of the EU innovation system. Starting from the late 1990s, among other things, the EU committed to the Kyoto protocol and embarked on the effort to curb emissions by implementing the EU-ETS. Furthermore, EU countries strongly supported renewable energy technologies, introducing mainly demand-pull measures with the 1997 White Paper and following Directives. Renewable technologies are newer, significantly more expensive and uncertain than other fossil-based generation technologies, and will require drastic changes in the energy system. To this end, the EU implemented a number of support measures, ranging from feed-in-tariffs, R&D investments and support, green and white certificates, all of which favored a reduction of the price wedge between fossilbased and renewable technologies.
Our analysis thus provides suggestive evidence that the commitment of the EU to renewable energy development and deployment supported and promoted stronger integration of the innovation space. As such, climate mitigation comes as an opportunity to strengthen the EU position in the strategic field of RES, eventually resulting in sustainable growth. A caveat to this is that our results also suggest that the process of EU technological integration, although progressing, is advancing at a moderate pace and that innovative activities in RES at the EU level are still poorly integrated if compared to the US or Japan. This indicates that we are still away from the creation of a well-integrated EU innovative system in RES. Given the importance attributed to the integration of the EU innovation system as a means to become a leader innovation hub, a policy prescription emerging from our analysis is that efforts to sustain and increase this process should be pursued. Of course, while we testify an increasing integration of the renewable technology innovation system in the EU15, our evidence is only suggestive of the role that environmental policy and climate mitigation commitment have played in this respect and surely, if any role was indeed played, we cannot say if such developments were achieved in the most costeffective manner. Further research is indeed necessary to provide evidence in both these respects. compression ignition engines using air or gas for blowing fuel into compressed air in cylinder
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Methods of operating air-compressing compression-ignition engines involving introduction of small quantities of fuel in the form of a fine mist into the air in the engine's intake 1987-1997 and 2000-2010 . B3: "Multiple country" patents Table B3 .1 RES patents with more than one inventor from different countries. 
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